Correct diagnosis of the liver tumor phenotype is crucial for treatment planning, especially the distinction between malignant and benign lesions. Clinical practice includes manual scoring of the tumors on Magnetic Resonance (MR) images by a radiologist. As this is challenging and subjective, it is often followed by a biopsy. In this study, we propose a radiomics approach as an objective and non-invasive alternative for distinguishing between malignant and benign phenotypes. T2-weighted (T2w) MR sequences of 119 patients from multiple centers were collected. We developed an efficient semi-automatic segmentation method, which was used by a radiologist to delineate the tumors. Within these regions, features quantifying tumor shape, intensity, texture, heterogeneity and orientation were extracted. Patient characteristics and semantic features were added for a total of 424 features. Classification was performed using Support Vector Machines (SVMs). The performance was evaluated using internal random-split cross-validation. On the training set within each iteration, feature selection and hyperparameter optimization were performed. To this end, another cross validation was performed by splitting the training sets in training and validation parts. The optimal settings were evaluated on the independent test sets. Manual scoring by a radiologist was also performed. The radiomics approach resulted in 95% confidence intervals of the AUC of [0.75, 0.92], specificity [0.76, 0.96] and sensitivity [0.52, 0.82]. These approach the performance of the radiologist, which were an AUC of 0.93, specificity 0.70 and sensitivity 0.93. Hence, radiomics has the potential to predict the liver tumor benignity in an objective and non-invasive manner.
INTRODUCTION
Treatment planning in liver cancer is based on the tumor phenotype. 1, 2 In practice, a first assessment of the phenotype is performed by a radiologist, based on MR images. Several guidelines for manual liver tumor scoring based on MR images have been developed. 3 However, the appearance of these lesions on the images may vary considerably due to differences in their histological features. A clear consensus on their exact definitions therefore does not exist, which can lead to subjective results. 3 Tissue biopsy is therefore often mandatory for suspected malignant tumors. This procedure is invasive, can be technically difficult and brings risks such as tumor seeding and haemorrhage to the patient. 4 Malignant lesions which are identified early have multiple treatment options, thereby improving survival.
2 Early diagnosis is therefore crucial for treatment success. Presently, the primary task of a radiologist is to evaluate whether a tumor is malignant or not based on the MR images. Patients with suspected malignant lesions are followed or referred to tertiary medical centers, often receiving a biopsy for reasons mentioned above. Patients with suspected benign lesions generally receive no further treatment. False negatives, i.e. malignant lesions which are classified as benign, are therefore often lost in follow-up.
Classification of primary liver tumors based on MR images is complicated due to the varying appearance of lesions. Diagnosis of these patients in tertiary hospitals is often done by a radiologist specialized in abdominal imaging, thereby having a relatively high chance of successful classification. However, in primary or secondary healthcare centers, radiologists are frequently not specialized in this area. Hence, especially for the peripheral centers, there is a need for an improved method of characterizing primary liver tumors.
Radiomics can be used as a non-invasive alternative to determine the relation between quantitative medical image features and underlying biological phenomena. 5 The field of Radiomics is rapidly emerging and has shown promising results in areas such as lung cancer, 6-8 glioblastoma 9 and breast cancer. 10 Most studies focus on the use of computed tomography imaging.
The purpose of this study was to develop a primary liver tumor classification model which is able to distinguish between malignant and benign phenotypes using radiomics, based on their appearance on T2w MR images. Hepatocellular carcinoma (HCC), the most common primary liver tumor, 11 was included in the malignant class. The benign class consisted of Focular Nodular Hyperplasia (FNH) and Hepatocellular Adenoma (HCA), two of the most common benign solid hepatic liver tumors.
1 Lesions were semi-automatically segmented by an abdominal radiologist. Feature extraction, selection and classification were performed using a radiomics approach.
METHODS

DATASET
MR and pathology data for 119 patients were obtained from our tertiary referral medical center. As stated in the introduction, our clinical use case is the diagnosis of lesions based on the MR scan. Several cases are relatively simple for a radiologist to classify, hence an automatic method would have little added value. Inclusion and exclusion criteria were therefore set to exclude the less challenging cases.
Lesions with a maximum diameter equal to or smaller than 3 cm were excluded, as these have a relatively low chance of being primal liver tumors. 12 Patients with cirrhosis were excluded, since the a priori chance of a liver tumor being HCC in these patients is by far the largest.
13 Diagnosis of cirrhosis was based on a combination of clinical and imaging findings. For the patients with a HCC, cirrhosis was always determined through a biopsy. In patients with multiple lesions, only the largest was included.
A T2w sequence was selected for each patient, as abdominal radiologists initially use the T2w sequence for assessment in clinical practice. If available, the T2w sequence with Fat-Sat was used. The T2w Fat-Sat sequences in our database are generally multi-shot scans, thereby having a high Signal to Noise Ratio (SNR) and thus high quality for assessment. If this sequence was not available, the T2w sequence without Fat-Sat was used, as this sequence is most similar. These are mostly single-shot sequences in our database. Reversion to the T2w sequence without Fat-Sat occurred in 23 patients (19 %)
The resulting dataset consisted of 50 HCC, 46 Adenoma, 23 FNH patients, resulting in 50 (42%) malignant and 69 (58%) benign tumors. The data originates from 42 different institutes, translating to heterogeneity in the imaging protocols. This is for example reflected in the used magnetic field strength (105 images with 1.5 T, 14 with 3T), slice thickness, repetition time and echo time, see 
SEGMENTATION
Regions of interest (ROIs) corresponding to the tumor were semi-automatically extracted by an abdominal radiologist, see Figure 1 . To this end, we propose an efficient segmentation method using image registration. As all ROIs are interactively checked, the result is similar to manual annotation.
First, the user delineated the lesion on a single slice. Next, image registration was used to warp the segmented slice to an adjacent one. An automatic intensity based registration method was used, starting with an affine transformation model, followed by a deformable registration with a B-spline transformation model. Mean squared difference was used as similarity metric with adaptive stochastic gradient descent 14 as optimization strategy. Registration was implemented using SimpleElastix. 15 Next, the user corrected the transformed contour if required. The procedure was repeated until all tumor slices were contoured.
RADIOMICS
State-of-the-art radiomics features 16 quantifying shape, texture, heterogeneity (Co-occurrence of Local Anisotropic Gradient Orientations (CoLlAGe) 17 ) and intensity were extracted from the ROI. Texture features were constructed using the Gray Level Co-occurence Matrix (GLCM), Gray Level Size Zone Matrix (GLSZM), Gray Level Run Length Matrix (GLRLM), Gabor filters and Local Binary Patterns (LBP).
18 A 3-D ellipsoid was fitted to the tumor contour to provide three orientation features. Patient age, sex and three semantic features (liver segment, maximum diameter, atoll sign 19 ) were added. The semantic features were manually scored by a radiologist.
Accurate extraction of quantitative 3-D tumor characteristics is hampered by a large slice thickness. Furthermore, the varying slice thickness in our dataset could influence the features. Hence, in order to create a robust representation, features were extracted per 2-D tumor slice in the main scan direction (e.g. axial). The feature values were aggregated over all slices, after which first order statistics of the resulting values were computed. The slice thickness was added as a separate feature to aid the classification. In total, the total number of features per patient was 424.
Classification was performed using Support Vector Machines (SVMs) 20 with a polynomial kernel. Cross-validation was performed by randomly splitting the data in 80% training and 20% test data among 100 iterations. Stratified splits were used to maintain the initial class balance. Within each cross validation, a 5-fold cross validation was performed on the training set to optimize several hyperparameters. The F1-score was used as optimization metric. Hence in each of these folds, part of the training set is used to train the model, while the other part serves as a validation set.
Within these cross validations, the features were first scaled using z-scoring fitted to the training set. Features with a small variance across training patients (< 0.01) were removed. Next, feature selection was performed in these cross-validations using an exhaustive search among all possible combinations of the feature groups. For each feature group (e.g. shape, histogram), a hyperparameter was included to define if the group was selected or not. As the texture feature group contains several different types, this hyperparameter could select either all, none or only a single group (e.g. LBP) of these features. Lastly, the polynomial degree, slack and kernel homogeneity parameters of the SVM were also included in the hyperparameters in this search. The best hyperparameter set was used to refit a classifier on the full training set in that cross validation iteration. This resulted in a single optimal hyperparameter setting for each cross validation iteration, which can vary per split.
RESULTS
Performance was evaluated using the Area Under the Curve (AUC) of the Receiver Operating Curve (ROC), sensitivity, specificity and the F1-score. Performance of the predictive model is given in 95% corrected confidence intervals (CIs). These were computed using the corrected resampled t-test, which takes into account that the cross-validation samples are not statistically independent. 21 The malignant class was defined as the positive class.
For comparison, the tumors were also scored manually, on a ten point scale, by an abdominal radiologist with over 15 years of experience, specialized in liver imaging. Next to the T2w MR sequence, the radiologist was also shown the age and gender of each patient. Based on the ten point manual scoring scale, different decision boundaries can be chosen. The performance of the radiologist was evaluated for two different decision boundaries. The first boundary was manually set by the radiologist, which corresponds to clinical practice and will therefore further be indicated as the "normal" boundary. The second boundary was set to optimize the F1-score of the radiogist, as this was also used in the hyperparameter and feature selection optimization in the radiomics approach. Both performances are shown in Table 1 . The ROC curves are shown in Figure 2 .
In terms of AUC, the radiologist does outperform our method. However, the maxima of the CIs of our method for all metrics are near the scores of the radiologist at the optimal F1-score. Both methods are skewed towards specificity, which could be caused by the imbalance in our dataset. In contrast, the normal performance of the radiologist is skewed towards sensitivity. Compared to the performance using this decision boundary, the radiologist outperforms the mean of our model only by a few percent based on the F1-score.
The results of the exhaustive feature selection search are shown in Figure 3 . The patient features, which included the age and gender of the patient, were included in almost all of the optimal parameter settings (97%). These features are thus important for the classification, corresponding with findings by other studies. 2 The number of times the other features are selected is close to the expectation values determined by random chance. This is equal to half of the iterations or 50% times for the histogram, shape, orientation and CoLiAGe features, one sixth of the iterations or about 17% times for the texture feature options. The differences between the actual number of selections and these expected numbers are small. This could therefore be attributed to random incidence. Hence no clear pattern could be distinguished for feature selection in these groups.
NEW OR BREAKTHROUGH WORK TO BE PRESENTED
We developed a radiomics model as a non-invasive approach to classify primary liver tumors based on T2w MR images. Additionally, we proposed an efficient semi-automatic segmentation workflow. Table 2 : Classification results of the proposed radiomics setup and manual scoring by a radiologist. Results for the radiologist are shown for the decision boundaries optimal for the F1-score (rad. F1) and for normal clinical practice (rad. normal). resulting combination approaches scoring by an abdominal radiologist. Many radiomics studies only use local institutional data with small variations in the imaging protocols, thereby not hampering the feature extraction.
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Instead, we showed that our methods work on a broad, multi-institutional dataset with a large heterogeneity in imaging protocol parameters.
DISCUSSION AND CONCLUSIONS
In this study, we have shown that radiomics is a promising, non-invasive approach for the classification of primary liver tumors. Performance of our model approaches that of an abdominal radiologist, showing the potential for usage in clinical practice.
Several limitations of this study should be mentioned. First off, in practice, the radiologist uses additional sequences for the tumor scoring, such as T1 weighted MR or diffusion weighted imaging. This might improve the performance of the radiologist. However, the addition of these sequences might also increase the performance of our model. Second, a single observer performed the segmentation, while radiomics features can be sensitive to the segmentation method. 23 Future work therefore includes the segmentations of a second observer. As the tumors show a clear edge on the images, we do however not expect a significant difference. Additionally, the performance of our model was in this study compared to scoring by a radiologist specialized in liver imaging with many years of experience. As our user case is focused at the peripheral radiologist, a comparison with manual scoring such a radiologist would be more interesting.
Lastly, the guidelines for liver tumor classification based on MR images lists several specific features which are important. However, in our feature selection optimization, besides the importance of the patient age and sex, no clear pattern in the feature selection could be found. A possible explanation for these could be the correlation between features. Many of these features and groups are able to quantify the same underlying information. Especially the texture feature groups have a large overlap in the type of patterns they are able to quantify. Hence, many of these features are highly correlated, causing a part to be redundant in the classification. In the SVM classification, it therefore does not matter which of these highly correlated features is selected, as long as the required information is present. Eliminating redundant features before the selection could give us more insight in the type of features that are important for classification.
Future work includes development of an automatic segmentation method, as semi-automatic segmentation still can be a tedious process. Additionally, more imaging sequences besides T2w MR will be added. Lastly, our radiomics approach will be tested on an external dataset.
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